Abstract. We present deep IJHK s and H 2 images of a region in the Chamaeleon I dark cloud containing the very low-mass young object [KG2001]102, in an attempt to search for multiplicity and molecular outflow in the vicinity of this object. No lowvelocity shocked structures were detected in our H 2 image. The broad-band and narrow-band images show that [KG2001]102 is composed of four objects within a radius of ∼2 . The brightest component [KG2001]102 A shows near-IR excess emission and its mass is estimated to be in the range 33 to 55 M Jup , depending on which model is adopted. Red spectra were obtained of the two fainter components B and C. The spectrum of the former suggests a K7V spectral type while the spectrum of component C is too noisy to allow a reliable classification but rules out a late M-type. The three faint components (B, C and D) have IJHK colors that suggest a much later spectral type, with extinctions similar to other members of the cloud. The computed probability of randomly finding a pair of field stars like [KG2001]102 AB is 1.5 × 10 −3 while for a triple optical system like [KG2001]102 ABC, it would be 3.8 × 10 −5 and more than an order of magnitude lower for finding a quadruple system like this by chance projection.
Introduction
Although in recent years a number of sub-stellar systems have been discovered in nearby star forming regions (e.g. Wilking et al. 1999; Persi et al. 2000; Comerón et al. 2000; Saffe et al. 2003) , very little is known about their formation processes. Mid-infrared observations have shown the presence of circumstellar dust around these objects (eg. Persi et al. 2000; Comerón et al. 2000) and very recently, Klein et al. (2003) detected cold dust around two young brown dwarfs (YBDs) from submm/mm observations. Natta & Testi (2001) and Pascucci et al. (2003) analyzed the spectral energy distribution of two bona-fide YBDs (Cha Hα1 and CFHT-BD-Tau 4) and suggested that the dust around them is distributed in the form of disks. This would imply that the formation mechanism of sub stellar systems is analogous to that of T Tauri stars. If true, YBDs would produce molecular outflows detectable through H 2 line emission during their accretion phases.
Another mechanism proposed by Reipurth & Clarke (2001) and supported by recent hydrodynamical star formation calculations by Bate et al. (2002) is that brown dwarfs (BDs) form Based on observations collected at Las Campanas Observatory (Chile). via the fragmentation of dense molecular gas in unstable multiple systems and that they are ejected from non-hierarchical systems before they are able to accrete to stellar masses. Several companions to bona-fide and candidate YBDs have been proposed by Neuhäuser et al. (2002) in the Chamaeleon I (Cha I) dark cloud. This underlines the importance of searching for multiplicity and molecular jets in YBDs in order to understand the mechanisms of their formation.
Here, we report the results of deep and high spatial resolution near-infrared images of an area towards the nearby dark cloud and star formation region Chamaeleon I, at a distance of 160 pc. The observed region contains the candidate substellar object [KG2001] 102. This source shows conspicuous Hα line emission in its spectrum (Saffe et al. 2003) , confirming its membership of the dark cloud. In particular, [KG2001]102 which was discovered recently by Kenyon & Gómez (2001) during a near-IR survey of the Chamaeleon I (Cha I) cloud, appears to be a multiple system. In Sect. 2, we describe the observations and in Sect. 3 we present the results and discussions with emphasis on whether [KG2001]102 is a physical multiple system. We estimate the luminosity and mass of the brightest component and present its spectral energy distribution. 
Observations and data reduction

Imaging
We obtained deep and high spatial resolution broad-band JHK s images complemented with an H 2 narrow-band image (λ • = 2.149 µm; ∆λ = 0.0224 µm) of a region of the Chamaeleon I dark cloud that contains the candidate YBD [KG2001]102 (Saffe et al. 2003) . The observations were made on the night of 17 May 2003 using the near-infrared camera PANIC (Persson's Auxiliary Nasmyth Infrared Camera) attached to the MagellanClay 6.5 m telescope at Las Campanas Observatory (Chile). PANIC uses a Hawaii HgCdTe 1024×1024 array with optics that give a scale of 0.125 /pix. We obtained 9 dithered frames in JHK s separated 6 , each with integration times 80, 60 and 30 s, respectively, and with 120 s in the H 2 filter. The total area covered by the combined frames was nearly 5.7 square arcminutes. The measured PSF (FWHM) was about 0.8 in JHK s and 0.7 in the H 2 filter. The near-IR images were calibrated using the standard stars listed by Persson et al. (1998) . Figure 1 shows a portion of the calibrated JHK s and H 2 images covering a 55 × 55 field centered on [KG2001]102. We identified five optical stars from the DSS plates in the field. We used the USNO-B1.0 catalog positions to obtain astrometry on our images with an accuracy better than 0.5 . [KG2001]102 appears in all bands as multiple, with three close but well separated stellar components. We named these A, B, and C, as labelled on the J image presented in Fig. 1 . A faint close fourth component (D) was also found after detailed analysis of the images.
Two direct CCD I-band images of the same region were obtained with IMACS (Inamori Magellan Areal Camera and • for AB, 1.64 and 130
• for BC, 1.42 and 321
• for BD and 1.10 and 295
• for Anon1 and its companion.
Spectrograph) in its direct imaging mode. Each was integrated under good seeing conditions for 60 s. The scale was 0.222 /pixel. The measured stellar FWHM is 0.7 . As no photometric standards were observed with this instrument, zeropoints were determined by averaging those values calculated using DENIS catalog entries for Anon 1 (I = 16.59) and of [KG2001]102 (I = 15.64), the latter including the contribution from all four components. A close examination of the J, H and K s ( Fig. 1) and I images reveals that the stellar profiles of two stars in the field, namely [KG2001]102 B and Anon1, appear elongated. In order to probe the meaning of this asymmetric profile, we subtracted the point-spread function (PSF) of a single star from the observed profile of the two elongated sources. We selected [KG2001]102 A as the best option for providing the "standard" PSF because it appears circular, is well separated from component B and is, at the same time, very close to it and not far from the star Anon1. It is also the brightest source in the field. Thus, a straight subtraction of a normalized and shifted image (to equate the fluxes of [KG2001]102 A to each of the target stars and to match their position) from the original one should result in a residual image that would expose any nearby extended emission or close companion. The left panels of Fig. 2 show the J, I images for [KG2001]102 B while the right panels present the same for Anon1. In each of these two cases, a close faint companion is clearly seen to the NW, though the position angles differ for the two stars. In all H 2 , J, H, K s frames and in the two I independent frames, practically identical residuals were found. The positions of these companions, named [KG2001]102 D and comAnon1, were measured on all our subtracted frames and the mean values are listed in Table 1 together with their photometry also measured on the residual images. All four components lie within a radius of ∼2 , while the separation of comAnon1 relative to Anon1 is 1.10 .
The same PSF-subtraction procedure was applied to the slightly fainter star located 13 south of [KG2001]102 B. Absolutely no trace of residual emission of a close companion is seen (only a slight mismatch of the PSFs at the center of the profiles, which appears in all cases) on any frame. Similar tests were performed on other faint stars in the field, confirming that no systematic instrumental effects are creating ghosts. It is important to note that, although the nearinfrared and the optical images were taken with different telescope/instruments combinations, the companions were present in all frames and that their measured positions coincided within 0.1 in all wavelengths.
Photometry of the sources detected in the field was performed using DAOPHOT (Stetson 1987) in IRAF 1 using the PSF fitting procedure. Table 1 Comparing the K s with the H 2 images (see Fig. 1 ), we were unable to detect any H 2 emission knots brighter than our sensitivity limit of ∼6 × 10 −32 W m −2 Hz −1 arcsec −2 .
Optical spectroscopy
In order to understand the nature of its components and to test whether [KG2001]102 is a physical system or caused by projection, two optical spectra of components B and C were obtained. The first, on the night of 29 November 2003 UT, using the WFCCD camera (http://www.lco.cl/lco/dupont/instruments/) on the duPont 2.5 m telescope at Las Campanas with the "blue" grism. This setting gives a nominal dispersion of 3 Å/pix, with an approximate 7 Å (FWHM) resolution and covering a useful wavelength range from 4800 Å to 9200 Å. The 1.5 slit was oriented to include components B and C and so as to avoid the contribution of component A. Three separate spectra with a total integration time of 1700 seconds were gathered at an air mass of approximately 1.7. The light of component B dominates the spectrum, as C is much fainter. A second set of spectra was obtained on the night of 28 February 2004 UT, using the camera/spectrograph IMACS (http://www.lco.cl/lco/magellan/instruments/) mounted on the Magellan-Baade 6.5 m telescope. We used the "long camera" configuration with a 300 l/mm grating and a 1.2 slit width oriented along the line joining components C and B (SE -NW). Serendipitously, two other stars in the field (marked Anon1 and Anon2 in Fig. 1 ) lay on the slit. The nominal dispersion is 0.74 Å/pixel and the measured resolution was 4 Å (FWHM). The wavelength coverage was 5950 Å to 9020 Å with a 60 Å gap at 7470 Å. Thanks to good seeing, the spectra of components B and C were clearly separated and could be extracted independently though the latter, being three magnitudes fainter (I = 19.9), had a poor signal to noise. Wavelength calibrations were performed with a He-Ne lamp obtained between two stellar spectra. The data were reduced in the usual way, including sky subtraction but no flux calibration was attempted. The residual sky-lines were removed by interpolating the signal at neighboring points. Figure 3 shows the normalized duPont spectrum of component B and C as well as the Baade individual spectra of each star. In addition, the spectra corresponding to Anon1 and Anon2 are also shown. Table 2 reports the measured equivalent widths for several lines in the spectrum of component B. For Anon1 the equivalent widths of Hα and the calcium triplet are also listed.
Discussion
Spectral classification
Of the two independent spectra of [KG2001]102, the one taken with WFCCD/duPont with lower spatial and spectral resolution and with higher wavelength coverage includes the added light of components B, C and D but by far the brightest (∆I BC > 3) of these (B) dominates. In the IMACS/Baade observations, it was possible to separate the spectrum of component C from that of component B (see Fig. 3 ). The main absorption lines of Hα, Ca I, Ca II, Na I and Mg I are clearly seen in both spectra of [KG2001]102 B. By comparing these spectra with the grids by Allen & Strom (1995) , Kirkpatrick et al. (1991) and Torres-Dodgen & Weaver (1993), we were able to assign a spectral type K7V to [KG2001]102 B with an estimated uncertainty of up to three subtypes. This large uncertainty is due to the fact that neither spectrum was flux-calibrated or corrected for telluric absorption and taken with relatively high sky emission. The spectrum of [KG2001]102 C shows the Ca II triplet in absorption and no Hα line but, due to its low signal to noise ratio, we were unable to unambiguously assign a spectral type, although a late M-type is discarded as no deep TiO bands are seen.
Finally, the spectrum of Anon1 looks very similar to that of [KG2001]102 B, while the spectrum of the fainter star Anon2 is too noisy to attempt a spectral type determination.
Magnitudes and colors
Near-infrared color-color and magnitude-color diagrams are useful tools to understand the nature of the sources detected in photometric surveys. Figure 4a shows the J − H vs. H − K s and Fig. 4b In the case of component C, if it were an M0V star, the latest possible given that only very weak TiO bands can be traced in its noisy spectrum (see Fig. 3 ), its distance and extinction would be between 1.6 and 2.3 kpc and A V = 2.5; other possible solutions include, eg., a G8V with A V = 5 and d = 2.3 kpc. No realistic solution exists for an evolved star (luminosity class III, II or I) for this or any of the other stars reported here as, in all cases, their distances from the Sun would be well in excess of 20 kpc, outside the Milky Way.
A group of stars with J − H around 0.75, which includes [KG2001]102 B and Anon1 appear to form a set of main sequence M 2-M 5 stars reddened by the same E(J − H) 0.17, corresponding to A V = 1.5, as shown in Fig. 4a . However, in Sect. 3.1 we estimated a K7V spectral type for [KG2001]102 B and Anon1. Assuming for this spectral type an intrinsic color Table 1. index (J − H) • = 0.66 and absolute magnitudes M J = 5.7, M K = 4.9 (Bessell & Brett 1988; Schmidt-Kaler 1983) , their distances from the Sun would be 550-700 pc, which would place them behind the Cha I cloud, compatible with the absence of signposts of chromospheric activity in its spectrum. Their color excess would be E(J − H) 0.13, which corresponds to A V 1.2. This is surprising because background stars are expected to be more highly reddened than any star member of the cloud. According to the extinction map of the Cha I cloud by Cambrèsy et al. (1997) , the mean total extinction caused by the cloud at the position of our field is in the range 3.0 < A V < 3.5. As both, our analysis and Cambrèsy et al.'s study, are based on J magnitudes, the argument is independent of the reddening law assumed. We tested the possibility of a local dust column density inhomogeneity in the cloud at the position of [KG2001]102, that is, the presence of a "hole" of diameter of a less than one thousand AU (a few arcseconds) that would permit the detection of a number of background stars with extinctions lower that the local average. We performed star-count analyses on J, H and K 2MASS images centered on [KG2001]102 and found no evidence of the existence of such local lower-extinction region.
Probably the answer to this dilemma lies in the incorrect assumption that the intrinsic JHK colors of these stars correspond to those indicated by their spectral type. Indeed, the location of these stars on the J − H vs. H − K diagram is incompatible with their spectra unless they have strong K-band excess emission, a possibility that contradicts the fact that these stars display Hα line in absorption, not in emission. We also compared the location of our program sources on several twocolor diagrams with that of stars and brown dwarfs classified as members and non-members of Cha I in a large-scale survey. In Fig. 5 we present the I − J vs. J − H diagram of the sources studied by Luhman (2004) in the direction of Cha I with J > 12 (we omit the brightest stars to avoid overcrowding, though the trends are the same when all stars are included). A segregation between members and non members of the cloud is evident. Luhman (2004) used 2MAS S and DENIS photometric values for his study, thus allowing direct comparisons with our photometry. He also applied several criteria (mostly spectroscopic) to differentiate between members from non-members. It is intriguing that our program stars in Table 1 occupy an area defined by the young cloud members and seem to lie away from those areas occupied by background and foreground stars on this diagram. This characteristic is also evident in the J − H vs. H − K and other two-color plots. Clearly, [KG2001]102 A and D share the characteristics of young members of the Cha I cloud while less strict conclusions can be derived from the location of components B and C and Anon1 in these plots. The explanation for these effects -IJHK photometry in disagreement with a normal photosphere of a given spectral type plus interstellar reddening-is unclear. A few other sources originally proposed to be substellar objects in young regions based on photometry turned out to have spectra of earlier-type stars (see e.g., Martin 2000) .
It is important to notice that our JHK magnitudes for isolated sources in the field compare well with 2MAS S and DENIS data (with differences <0.03 mag. in all bands) (Bessel & Brett 1988) . The arrow represents the standard reddening vector (Rieke & Lebofsky 1985) with length A V = 5. Filled circles represent the sources listed in Table 1 , open triangles and crosses are objects with J > 12 classified as members and non-members of the cloud, respectively, by Luhman (2004) with JHK s from 2MAS S and I from DENIS.
and thus the discrepancies between the derived spectral types and the J − H and H − K colors cannot be ascribed to observational errors.
One basic question regarding the enigma poised by [KG2001]102 concerns the probability of this being a physical system or rather an illusion created by a chance projection effect. First we measured the projected density N(J) of stars brighter than a certain magnitude J in this direction over an area centered on [KG2001]102 which is large enough to yield statistically valid results and small enough to safely assume that the A V is constant. For this, we obtained J photometry for all sources in the total area surveyed (2 × 10 4 square arcseconds) and measured the cumulative number density distribution, N(J), as a function of J magnitude. The probability of finding a chance companion of magnitude J at a distance r from any star, eg.
[KG2001]102 A, would be πr 2 N(J). The computed probability of randomly finding a companion like component B is 1.5 × 10 −3 while for a triple optical like ABC, it is 3.8 × 10
−5
and an order of magnitude lower for ABCD. There is, therefore, a very high probability that at least three of these stars form a physical multiple system or, in different words, it is highly improbable that components B and C and D are all background stars. 
Luminosities, masses and ages
A new determination of bolometric luminosity, mass and age is obtained for the young member of Cha I, [KG2001]102 A, using the near-IR photometry of Table 1 , and the classical relationships adopted by Saffe et al. (2003) :
where DM = 6 is the distance modulus for the Cha I dark cloud, and BC J is the J-band bolometric correction, which we took from Wilking et al. (1999) together with the T eff corresponding to the spectral type and the corresponding intrinsic colors. The position of the source on the L bol /L vs. T eff was then compared with the evolutionary models of D'Antona & Mazziteli (1997), Baraffe et al. (1998) and Burrows et al. (1997) to obtain its mass and age. These values are shown in Table 3 . Although the implied mass varies somewhat with the model assumed, the sub stellar nature of [KG2001]102 A is confirmed.
Spectral energy distribution
We obtained the spectral energy distribution (SED) of the YBD [KG2001]102 A by combining the optical photometry taken from the USNO-B1 catalog, and our near infrared magnitudes. This source was not detected by ISOCAM at the quoted sensitivity for this region (see Persi et al. 2000) . Figure 6 shows the SED. The arrows in Fig. 6 indicate the ISOCAM upper limits at 6.7 and 14.3 µm. We compared the spectral points with a de-reddened black body computed assuming the effective temperatures, T eff , of this object as derived by Saffe et al. (2003) (solid lines in Fig. 6 ). The agreement is good, except for the spectral point at 2.2 µm that indicates a slight IR excess, as previously mentioned in Sect. 3.2. Observations at higher sensitivity with the Spitzer Telescope should tell us whether this young sub-stellar object has mid-IR excesses as observed in a few other YBDs and ascribed to the presence of a circumstellar dust disk (Natta & Testi 2001) .
Conclusions
We presented sub-arcsec resolution and high sensitivity images taken with IJHK s and H 2 filters of a region of the Chamaeleon I dark cloud that contains the candidate sub-stellar object [KG2001]102 complemented with red spectra of four sources in the close vicinity of [KG2001]102. From the analysis of the images and spectra, the following conclusions can be derived: 1) We found that [KG2001]102 is composed of four sources, all within a radius of 2 . The brightest component A Baraffe et al. (1998) . 3 Models by Burrows et al. (1997) . is a young sub-stellar object with a mass in the range 33-55 M Jup and showing a significant infrared excess at 2.2 µm. We classified the spectrum of component B as K7V. This spectral type, combined with the observed J and J − H, suggest that this object is a background star located at a distance of ∼550 pc with A V ∼ 1.2, a much lower extinction than that caused by the cloud in this location (A V > 3). Furthermore, a K7V spectral type seems difficult to reconcile with the measured IJHK colors of this star, which resemble those of reddened (A V ∼ 1) late-M members of the Cha I. Near-IR colors of component C and D are also compatible with those of young members of Cha I, although our noisy spectrum of component C seems to exclude this possibility. However the poor signal to noise spectrum available for the component C and the lack of spectroscopic information on component D preclude us from knowing the true nature of these objects. Using star counts in the J band in our field, we calculated the probability of finding by chance projection a double star like A and B. It was found to be 1.5 × 10 −3 and 3.8 ×10 −5
for a triple optical system like ABC and an order of magnitude lower for a projected quadruple which includes D. Therefore, it seems highly improbable that the multiple appearance of this object is caused by projection.
The explanations for these apparent contradictions in the observational evidence are not understood and also explain why other candidate YBDs that have been proposed based on photometry alone turn out to show spectra of earlier-type atmospheres. 2) We also report the detection of a faint close companion (separation 1.1 and ∆J = 3.7) to the star Anon 1. This last object has similar spectral characteristics as component B. 3) Our H 2 image does not show the presence of any shocked gas structure in the vicinity of any star in the area surveyed.
